•jq3p If a wide diameter laser beam with a top-hat radial energy distribution is used to induce a planar acoustic wave in the inadiated medium, only the longitudinal (z-axial) distribution of thermoelastic stress may be considered. The temporal profile of the acoustic signal corresponds to the initial z-axial distribution of the absorbed laser energy and can be monitored by an acoustic transducer with sufficient temporal resolution. The rise-time of both the transducer and the digital oscilloscope must be shorter than the duration of the stress transients, 1 I ö cs.
The amplitude of the time-resolved acoustic signal is proportional to the medium absorption coefficient, La. Profile of laser irradiance H(z) can not be exactly described by analytical expression due to the influence of diffused back scattering on the profile of light distribution in turbid medium. However, H(z) can be presented as a simple exponent exp (-zJ) at the depth in medium equal to about two meanfree-paths of light. Detailed treatment of equation (1) is given in [2] .
Therefore, both optical properties of turbid medium can be determined from laser-induced stress profile. The purpose of this paper is twofold: to compare time-resolved profiles of laser-induced stress with Monte Carlo simulation of light distribution in absorbing turbid medium with known optical properties, and to employ diffusion theory for determination of medium optical properties.
MATERIALS and METHODS
A non-scauering, homogeneously absorbing aqueous solution of potassium chromate (K2CrO4) was used to as an absorbing liquid. Absorption coefficient of aqueous potassium chromate was measured with spectrophotometer and verified with time-resolved detection of laser-induced stress. Measurement of absorption coefficient in colored water is a straight forward procedure which yields very accurate information in case of planar acoustic wave generation by a wide beam of a short laser pulse. It was not difficult to make all the correction parameters involved in equation (1) to equal 1 in our reference solution. However, exponential slope of laser-induced stress profile in this simple case will not be altered even in case when any or all correction parameters are <1 . Exponential fit of transient stress yields very accurate number for absorption coefficient. To understand how accurate is this measurement, one can determine absorption coefficient from large number of spectrophotometer measurements in one and the same solution with different optical thickness. Set of spectrophotometer data in solutions with various thickness is similar to the laser-induced stress profile measured with acoustic transducer with sufficient temporal resolution. Absorption coefficient measined in reference aqueous solution was 5.78 cm1. A 2% 3. EXPERIMENT Fig. 1 displays laser-induced stress profile in PCPSA solution covered with a quartz slab. Quartz produced rigid boundary that helped to clearly determine position of solution surface as a minimum in temporal stress profile. We have set time zero at the moment when stress generated at the surface reached acoustic transducer located at the bottom of cuvette with PCPSA solution. Therefore, the profile of stress wave generated within aqueous solution was recorded at moments on the negative time-scale. Nevertheless, diffusion theory can describe accurately profile of absorbed energy distribution in homogeneous turbid medium at the depth starting with one-two transport mean free paths. Therefore, our approach was to employ diffusion theory to deduce both optical properties of PCPSA solution from timeresolved profile of laser-induced stress.
Comparison of Laser-induced Stress Profile with Monte Carlo
Depth, jtm FIGURE 2. Laser-induced stress profile that resemble absorbed laser energy distribution in "reference" aqueous solution of potassium chromate with polystyrene spheres. Monte Carlo simulation of absorbed light distribution is also presented based on pre-measured optical properties of "reference" PCPSA solution.
First of all, we compared the profile of laser-induced stress with Monte Carlo simulation. Axial Monte Carlo simulation calculates distribution of photons along z-axis of laser beam propagation in medium yielding numbers in [JIcm] . Absolute measurements of stress yield z-axial profiles in [J/cm].
Therefore, we scaled axial Monte Carlo profile to match amplitude of measured stress in subsurface layer.
Two superimposed profiles are shown in Fig. 2 . Results of comparison were impressive yielding deviations of one profile from the other within 5% margin.
MODEL
We have used a diffusion theory model to reconstruct the optical properties from the measured absorbed energy profile. The geometry of the diffusion theory model for a pencil beam incident on a semi infmite medium is depicted in Fig. 3 . Using the extrapolated boundary condition [4, 5] , a pencil beam can 
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To satisfy the extrapolated boundary condition a negative image source is added at Ze 4AD3D.
The fluence H at a point on the z-axis due to a laser beam that enters the tissue at a radial distance p from the z-axis can be expressed as:
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where
The constant A = (l+Reff)/(lR) accounts for the effective reflection R due to a mismatch of the refractive indices of the tissue and the outer medium [4] . To model a broad beam illumination we integrate equation (2) over the beam area. The analysis is simplified by assuming an infinitely broad beam (which was quite accurate approximation for our experimental conditions).
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where we have expressed j.t 1fld a' in tnns of the diffusion coefficient D and the penetration depth & To reconstruct the optical properties from the acousto-optical measurement of Q(z) we use the following approach: A scaled exponential function with offset is fitted to the normalized measurement data.
111:
= kfie"' + C (6) The constant c accounts for experimental offset errors and is not used further. To determine the diffusion coefficient D from the fitted scaling factor k we solve the implicit equation:
O=k(D,fi,A)-kfif (7) numerically for D. The absorption and reduced scattering coefficients can then be computed from D and fit Equation (7) has generally two roots, however, the larger value can be discarded, since it does not fulfill the restriction p<< j.t,' for the validity of the diffusion approximation.
It is important to note that near the surface equation (4) is not applicable because the diffusion approximation fails near sources. Therefore only data for depths z larger than about two transport mean free paths (equal to 6D) should be used for the fit. However, the optical properties are not known in advance. A practical approach is to plot the measurement data in logarithmic scale, and fit the data from a depth were the curve "looks straight". If the reconstructed optical properties indicate that the z > 6D condition is violated, the procedure is repeated with a larger z,,, until the condition is met.
5_ RESULTS
A liquid phantom (PCPSA solution) with optical properties j.ç= 2.89 cm' and = 55.96 cnf' was prepared. Groenhuis' formula [4] was used to compute the boundary factor A = 2.9 from the nfractive index of water n (355nm) = 1.343.
Experimental data were measured with the acoustic transducer and normalized (see Fig 4) . The iconstruction algorithm detennined the optical properties as p. 2.26 flf and p.c,' = 53.4 crn1. The relative error compared to the known optical properties is -22% and -4% for absorption and reduced scattering respectively.
Additionally, a data set was created with a Monte Carlo simulation using the known optical properties of the phantom. The reconstruction algorithm yielded ILa = 2.894 cm' and j.t' = 54.29. The relative error compared to the known optical properties is 0.1% and -2.9% for absorption and reduced scattering respectively.
DISCUSSION
The small error in the reconstruction of optical properties from the simulated Monte Carlo data shows that the method is principally sound. We attribute the relatively large error in the reconstruction from the 
CONCLUSION
An acoustic signal induced by a laser pulse under confmed stress conditions displays z-axial temperature distributions which may be used for imaging and measurement of tissue optical properties. The TRSD method requires much shorter data acquisition time and has a much higher dynamic range as compared with the photon detection techniques. The main advantage of the time-resolved laser optoacoustic technique is the capability to detennine both optical coefficients from one measurement of laserinduced acoustic signal at one location on the tissue surface in vivo. Unlike other methods that measure averaged optical properties of biological tissues over the irradiated volume, the time-resolved detection of laser-induced stress can display the exact z-axial proffle of the absorbed energy distribution in layered media [7] and media with distributed heterogeneities [8] .
On the other hand, deduction of optical properties from TRSD measurements in the ranges of acoustic frequencies where diffraction and attenuation may not be neglected can be more complicated. The diffraction of acoustic waves is prominent for low acoustic frequencies (low light absorption coefficients) and narrow laser beams (beam diameter is less than the light penetmtion depth). For high acoustic frequencies diffraction is not significant, although attenuation occurs. Most media including biological tissues have insignificant acoustic attenuation in the low frequency range where diffraction plays a considerable role. In contrast, attenuation is significant for high acoustic frequencies where diffraction may be neglected. This allows us to study separately these two effects that alter amplitude and profile of SPIE Vol. 2681 /283
Errors of reconstruction Experiment: b4L = 22% iL' = 4% Monte Carlo: At = 0.1% iL' = 3%
